The purpose of the present study is to clarify the mechanism of drag reduction for a sphere with arc type dimples. The sphere has 328 dimples of different depths uniformly distributed on its surface. The present study measured the pressure and velocity distributions inside and between the dimples, and visualized the flow on the sphere surface by an oil film method. The results indicated that separation bubbles were generated inside the dimples and transformed a laminar boundary layer into a turbulent boundary layer. Compared to a smooth sphere, the critical Reynolds number decreased and the separation point shifted further downstream. Therefore, the drag coefficient of a dimpled sphere was smaller than that of a smooth sphere. The magnitude of the decrease in the critical Reynolds number was found to increase with dimple depth. However, the separation point shifted to the upstream side and the drag coefficient became larger in the super-critical Reynolds number region.
Introduction
A common goal in fluid mechanics is to decrease drag by controlling the boundary layer of a flow. If the drag can be decreased by altering the surface structure without altering the shape of the object, the practical design range for industrial applications can be extended. For a smooth sphere, the following general classification has been made for the drag coefficient in terms of Reynolds number (1) , (2) . The sub-critical region is where the drag coefficient has an almost constant value of approximately 0.45 to 0.5, independent of Reynolds number. The critical region is where the drag coefficient decreases rapidly and becomes a minimum for Reynolds number of approximately 3.5×10 5 . Regions beyond the critical region are classified as the super-critical and trans-critical regions, in which the drag coefficient gradually increases with Reynolds number. The sudden reduction of the drag coefficient in the critical region is caused by a boundary layer transition on the surface of the sphere. It has been reported that this boundary layer transition can be enhanced by the presence of roughness or dimples on the sphere surface. As a result, the drag coefficient of such a sphere decreases at low Reynolds number compared to that of a smooth sphere. Achenbach (3) reported that the critical Reynolds number became lower as the surface roughness increased. However, after the critical Reynolds number was reached, the drag coefficient immediately increased. Moreover, the drag coefficient in the super-critical region increased as the surface roughness increased. In contrast, Bearman and Hervey (4) reported that the drag coefficient of a dimpled sphere increased gradually in the super-critical region. The drag coefficient in the super-critical region of a dimpled sphere differs from that of a sphere with a rough surface. The present authors (5) previously investigated a sphere covered with regular circular arc type dimples in an attempt to clarify the optimum surface structure for decreasing the drag and examined effect of the number of the dimples on the drag characteristics. The critical Reynolds number was found to decrease as the number of dimples was increased, and the drag coefficient increased after the critical Reynolds number was reached. However, it is not clarified how the flow mechanism is changed by the surface roughness and dimples. Moreover, the influence of the surface structure on the drag coefficient is not known. The final goal of the present study is to clarify the optimum surface structure for decreasing the amount of drag on a sphere. In the present study, the pressure and flow velocity distributions inside and between dimples were measured for circular arc type dimples with three different depths. In addition, the surface flow on the sphere was visualized by an oil film method. The mechanism of drag reduction for a dimpled sphere was clarified from the experimental results. Figure 1 shows a schematic cross section of the dimples on the surface of the test sphere. The test spheres were made of vinyl chloride and had diameters (d) of 42.6 mm and 100 mm. In the present study, the dimples were in the form of circular arcs. The depth ratio of the dimples (k/d) (k: depth of dimple, d: diameter of sphere) was varied from 0.0079 to 0.0188. The width ratio of the dimples (c/d) (c: width of dimple) was 0.0828. A total of 328 dimples were distributed uniformly over the test sphere. A pressure tap having a diameter of 0.8 mm was positioned on the surface of the test sphere (d = 100 mm). Two test spheres, one having a pressure hole tap inside a dimple and the other having a pressure tap between dimples, were used in the pressure measurement. Table 1 shows the primary specifications of the test spheres. shows an outline of the equipment used to measure the drag (D). The dimensions of the frame were 500 mm × 500 mm, and the frame was placed 100 mm downstream from the outlet of the wind tunnel. The test sphere was fixed at the center of the frame using piano wire to provide tension at both fixed ends. The drag on the test spheres was measured by a three-component load cell with a strain gauge attached below the frame. Based on the measured drag and lift values, the drag coefficient (C D ) was calculated using Eq. (1). Figure  2 (b) shows an outline of the equipment used to measure the pressure (P (6) . In the present study, d P /d was 0.037. Using the semiconductor pressure transducer, the pressure distribution over the test sphere surface was measured at intervals of θ = 5.625° in the angular range θ = 0° (stagnation point) to θ = 180°. Based on the measured pressure, the pressure coefficient (C P ), which is a dimensionless value obtained by dividing the static pressure by the dynamic pressure, was calculated using Eq. (2). The flow velocity and turbulence intensity near its surface was measured using a hot-wire anemometer. In the flow velocity measurements, the probe was set at an angle of 30° to the flow direction in order to avoid the disturbance of the flow. The flow velocity at the equator of the sphere was measured in the angular range of θ = 78.75° ~ 129.375° inside the dimples and between them, with a step size of θ = 5.625°. Figure 3 shows the drag coefficient for each test sphere as a function of Reynolds number. The drag coefficient (C D ) was calculated using Eq. (1).
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Drag coefficients for various Reynolds numbers
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Here, A is the projected area, and ρ is the density of air. The C D value for the smooth sphere is largely independent (C D ≒0.45) of Reynolds number because the experimental condition is still sub-critical region for the smooth sphere. On the other hand, the critical Reynolds number for the Type A sphere is approximately 0.5×10 5 , which is lower than that for the smooth sphere (approximately 3.5×10 5 ). Above the critical Reynolds number, the C D value for the Type A sphere increases gradually but remains smaller than that of the smooth sphere. For the Type B sphere with deeper dimples, the critical Reynolds number shifts to an even lower value. In addition, for the Type C sphere, even the lowest Reynolds number in the present study is already above the critical value. The rate of increase in C D above the critical Reynolds number becomes larger as the dimples become deeper. Although the dimple number, width ratio (c/d) and dimple arrangement are different, the dependence of C D on the depth ratio (k/d) is similar to that reported by Choi et al. (8) and Bearman and Hervey (4) in that the critical Reynolds number decreases with increasing dimple depth, and C D tends to increase above the critical Reynolds number.
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Vol. Figure 4 shows the pressure distribution at the equator on the surface of the spheres at Re = 1.27×10 5 . Here, θ indicates the angle measured from the stagnation point (θ = 0°), and the pressure coefficient C P represents the average of the values inside and between dimples, and is calculated using Eq. (2).
/
The continuous line in Fig. 4 indicates the pressure distribution of a smooth sphere in an ideal fluid. The measured C P values for the smooth sphere exhibit a minimum in the vicinity of θ = 72°, and become approximately constant at about θ = 80°, which is similar to the result reported by Achenbach (2) . Based on this result, the separation point for the smooth sphere is thought to be approximately θ = 80°. In contrast, although the C P values for the Type A sphere are similar to those for the smooth sphere up to approximately θ = 11.25°, they are lower in the range θ = 16.875° ~ 118.125°. In other words, the flow velocity near the surface between dimples is higher than that inside the dimples. Since the dimpled sphere surface is discontinuous, the flow separates in front of inside the dimple, and then reattaches inside the dimple. Separation bubbles are formed in dimples due to such flow. This is thought to give rise to a pressure difference, since a circulating low-velocity flow is formed. The C P between the dimples on the Type A sphere is smaller than that for the smooth sphere at the same angle. In other words, the surface flow velocity between the dimples is higher than that on the smooth sphere. Therefore, the flow for the Type A sphere overcomes the downstream adverse pressure gradient. As a result, the separation point (near θ = 118.125°) for the Type A sphere shifts downstream in comparison to that (near θ = 80°) for the smooth sphere. Moreover, C P inside the dimples becomes smaller in the range θ = 56.25° ~ 112.5° as the dimples become deeper. In the present study, the pressure in the dimple is measured at the center of the dimple. For the Type A sphere, C P is thought to be larger than that for the Type B and Type C spheres because the flow for the Type A reattaches near the center of the dimple. Moreover, C P between the dimples increases in the range θ = 61.875° ~ 118.125° as the dimples become deeper. In other words, the surface flow velocity between the dimples decreases. Therefore, the flow cannot overcome the downstream adverse pressure gradient. As a result, the separation point shifts upstream for both the Type B and Type C spheres near θ = 106.875°. Moreover, the back pressures become smaller in the order of Type A, Type B, Type C, and the smooth sphere, which corresponds to the C D relations shown in Fig. 3 . Therefore, C D changes even if the Reynolds numbers for the dimpled spheres are equal, since the pressure distribution depends on the dimple depth. The C P values between The flow over the surface of the spheres was next visualized using an oil film method. A base of liquid paraffin and linseed oil was used, to which was added a mixture of oleic acid and titanium dioxide. Figure 5 shows photographs of the sphere surfaces at the equator for Re = 1.27×10 5 , and Fig. 6 shows sketches of the flow in equatorial cross sections. For the smooth sphere, this Reynolds number is in the sub-critical region. As seen in Fig. 5 , the oil film on the smooth sphere is missing from the stagnation point to θ = 80°. Therefore, the flow moves along the surface to θ = 80°, and then separates. An oil film is missing in the dimples of the Type A sphere from the stagnation point up to θ = 33.75°, indicating that a flow flows along the surface in this region. However, the oil film still remaining at the entrance of dimples in the range θ = 45° ~ 123.75°, with some streak-like regions also appearing in the center of dimples. Regions of oil located between the entrance and the center of the dimples moved in a direction opposite to that of the main flow. However, regions of oil located between the center and the exit of the dimples moved in the direction of the main flow. This is because circulating flow is formed by the separation bubbles, which are produced at the entrance of the dimples. Therefore, it is thought that the streak-like regions of oil represent reattachment points. Although the oil film is missing in the vicinity of θ = 118.125°, it is present in the vicinity of θ = 129.375°. Therefore, it is thought that the separation point is in the vicinity of θ = 118.125°. For the Type B and Type C spheres, an oil film is present in the dimples in the range θ = 22.5° ~ 112.5° and θ = 11.25° ~ 112.5° respectively. This indicates that the separation bubbles are formed further upstream as the dimples become deeper. Moreover, the oil film in the Type B and Type C dimples is remaining the region from near the entrance to near the center of the dimples, and streak-like oil regions are present near the exit. This indicates that the reattachment point of the flow shifts to the vicinity of the dimple exit as the dimples become deeper. In other words, the separation bubbles appear to grow so that they cover the dimples. Although the oil film is missing in the vicinity of θ = 106.875°, it is present in the vicinity of θ = 118.125°. Therefore, it is thought that the separation points for the Type B and Type C spheres are in the vicinity of θ = 106.875°. Figure 7 shows the flow velocity at a height of 0.05 mm from the surface of the equator of the spheres (r/d = 0.5 in Fig. 9) for Re = 1.27×10 5 . Here, θ is the angle from the stagnation point (θ = 0°), and u/U indicates the dimensionless velocity, where u is the time averaged velocity, and U is the free stream velocity. Since the velocity data is obtained using a hot-wire anemometer with an I-type probe, it corresponds to the magnitude of the velocity. In the case of the smooth sphere, the velocity decreases near θ = 80°. Therefore, it is thought that the flow separates in this vicinity. On the other hand, the velocity for the Type A sphere is remarkably larger than that for the smooth sphere at θ = 80°, and this is thought to contribute to the regression of the separation point. Moreover, the velocity at the same angle becomes smaller as the dimples become deeper. Therefore, it is thought that the separation point shifts upstream. Figure 8 shows the results of a frequency analysis of the dimensionless velocity u'/U. Here, u' is the fluctuating velocity at r/d = 0.5 of θ = 78.75°. The boundary layer formed near the surface of the smooth sphere is laminar at this Reynolds number, and the dimensionless frequency of vortex shedding is approximately 0.18 (7) . The spectrum for the smooth sphere decreases at a dimensionless frequency of approximately 0.18. On the other hand, the spectra for the dimpled spheres do not decrease at this point. Therefore, in the case of the dimpled spheres, it is thought that vortices are generated not only with laminar flow separation but also with various sizes. The spectrum begins to gradually decrease as the dimensionless frequency increases above about 20, and the slope of the decrease is approximately -5/3 times the dimensionless frequency. Choi et al. (8) reported that a turbulent flow transition of the boundary layer is promoted by the formation of separation bubbles in the dimples and that the spectrum decreases in the range 20 to 100 almost at the dimensionless frequency. The range in which the spectrum in the present study decreases agrees well with that reported by Choi et al. (8) . In the case of the dimpled spheres, the laminar boundary layer is transformed into a turbulent boundary layer near the separation point for the smooth sphere. The spectrum does not decrease for such a flow field. Therefore, the dimples are considered to contribute to the regression of the separation point. Although there is no clear influence of the dimple depth on the spectra, there is a clear difference in the flow velocity, as shown in Fig. 7 . Type θ S C D θ = 84.375° is larger than that for the smooth sphere. The velocity near the surface for the Type A sphere increases downstream, and the development of the boundary layer thickness is controlled in comparison with the smooth sphere. A turbulent flow transition of the boundary layer is promoted by the formation of separation bubbles in the dimples. The velocity near the surface becomes large so that a flow with large velocity enters near the surface. Therefore, the flow can overcome the adverse pressure gradient, and the development of the boundary layer thickness is controlled. The velocity near the surface for the Type A sphere becomes small in the vicinity of θ = 118.125°. Therefore, it is thought that the flow separates in this region. This result agrees well with the separation point obtained from the results of the pressure distribution and the flow visualization. As the dimples become deeper, the velocity near the surface decreases at θ = 78.75°, and the boundary layer thickness increases. In addition, the velocity of the circulating flow in the dimple becomes smaller because the separation bubble is formed in the vicinity of r/d = 0.5. The flow at r/d = 0.5 is subjected to greater shear from the circulating flow in the dimple. As a result, the velocity at r/d = 0.5 decreases, and the turbulence intensity increases. Moreover, the reattachment point of the flow shifts to the vicinity of the dimple exit as the dimple becomes deeper. Therefore, it is thought that the velocity near the surface decreases as the pressure increases in the vicinity of the dimple exit. The velocity near the surface between the dimples (near θ = 84.375°) decreases because such a boundary layer occurs between the dimples, and the position at which the turbulence intensity increases moves away from the surface. The flow near the surface cannot overcome the adverse pressure gradient, and the boundary layer thickness becomes larger. In the cases of the Type B and Type C spheres, the velocity near the surface becomes small at around θ = 106.875°, and it is thought that the flow separates in this region. This agrees well with the separation point obtained from the results of the pressure distribution and the flow visualization. The separation point for the dimpled spheres cannot be changed continuously like that for the smooth sphere because the dimples are arranged at equal intervals. The separation points for the Type B and Type C spheres were same because the separation point is influenced by the dimple arrangement. However, the velocity near the surface for the Type B sphere is slightly larger than that for the Type C sphere, and the boundary layer thickness is slightly smaller. Figure 11 shows the separation point angle (θ S ) and drag coefficient (C D ) as functions of the depth ratio (k/d) for Re = 1.27×10 5 . For the smooth sphere, θ S is at about 80°, whereas for the dimpled spheres, it is shifted downstream. Moreover, θ S shows a tendency to shift upstream as the dimples become deeper. Separation occurs for the smooth sphere with laminar flow, whereas it occurs for the dimpled spheres with turbulent flow by controlling 
Separation point
Conclusions
In the present study, the pressure and flow velocity distributions were measured in order to clarify the mechanism of drag reduction for spheres with circular arc type dimples of three different depths. In addition, flow visualization experiments of the surface of the sphere were conducted using an oil film method. Based on the experimental results, the following conclusions were reached.
(1) The critical Reynolds number decreases as the dimples become deeper. The drag coefficient above the critical Reynolds number also increases with dimple depth. In addition, the drag coefficient gradually increases with Reynolds number. (2) When the flow along the surface of a sphere enters a dimple, a small separation bubble is formed in the dimple. This accelerates the flow between the dimples on the surface of the sphere, promoting a turbulent flow transition of the boundary layer. With such a flow pattern, the flow around the sphere can overcome further downstream against the adverse pressure gradient compared to the case for a smooth sphere. As a result, the boundary layer thickness can be controlled. Since the separation point shifts downstream compared to the case for a smooth sphere, the drag coefficient is smaller for a sphere with dimples. Moreover, a pressure difference is generated between the dimples because the velocity over the surface of the sphere is higher than that in the dimples, so that the pressure between dimples is reduced. (3) The separation bubbles are formed further upstream as the dimple depth increases, and the reattachment point of the flow shifts to the exit side of the dimple. Therefore, the velocity of the circulating flow in the dimple becomes smaller, and the turbulence intensity becomes larger. As a result, the flow near the surface cannot overcome the adverse pressure gradient because the boundary layer thickness increases upstream. Therefore, the separation point shifts upstream as the dimple depth increases, and the drag coefficient increases.
